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Passive diffusion samplers

Passive diffusion samplers are groundwater sampling devices
that remain in the investigated environment for a specified
period of time. This allows volatile organic compounds (VOCs)
to diffuse into the sampling device. Using passive diffusion
samplers can be an inexpensive method of routinely
measuring VOCs in groundwater. (These bags cost $16 each
and the weight to sink them costs $20 (Malott, 2000).) In
situations where water moves through a well’s screened
portion with little mixing with water in the overlying well
casing, the water in the screened portion can be
representative of the formation water. This article summarizes
Vroblesky and Hyde's VOC-CVOC (chlorinated VOC) study
(1997) based on data collected from a gas-turbine
manufacturing facility in Greenville, South Carolina.

Purging not required

Using passive diffusion devices does not require purging.
Purging often requires field workers to remove at least

three casing volumes of water until selected water quality
parameters stabilize. Other studies have suggested that
removing the water is sometimes unnecessary and may
potentially produce undesirable effects. “Moreover, increasing
the purge volume can increase the radius of aquifer
influenced by the pumping, resulting in a sample that may
represent an integration of differing water types. Thus, it
often is desirable to minimize well purging prior to obtaining
representative samples” (Vroblesky and Hyde, 1997).
(Reviewer’s comment: The well will require purging unless
you know the screen supports sustained flow through the
area where the sampler is placed).

Alternative methods

Alternative ways to obtain representative aquifer samples with
minimal disturbance of the borehole water column include:

e placing packers in the well or borehole to isolate
specific intervals that can then be pumped

e micropurging, which uses dedicated pumps with
intakes placed midway in the screened intervals;
pumping at a slow rate eliminates drawdown and
mixing while withdrawing only a small volume of
water; representative samples can be obtained while
minimizing disturbance of the overlying water column
above the screened interval; discrete-depth sampling
can give vertical definition of contamination; water
elevation in the well must be monitored to ensure
there is no drawdown (Tunks and Guest, 2000)
(Reviewer’s comment: Sustained drawdown is key.)

e using a DMLS™ passive sampler, which relies on
movement of borehole solutes into dialysis cells that
contain distilled water; cells are vertically separated by
flexible seals and can provide multilevel information on
groundwater quality (see also the article by Tunks and
Guest (2000) in this issue, “Field study of USGS and
DMLS™ diffusion samplers and cost comparison”

Site contaminants and site characteristics
Contaminants at the Greenville, South Carolina site included

e vinyl chloride (VC)

e 1,1-dichloroethane (1,1-DCA)

e trans 1,2-dichloroethene (trans 1,2-DCE)

e ¢is 1,2-dichloroethene (cis 1,2-DCE)

e trichloroethene (TCE)

¢ tetrachloroethene (PCE)

The site geology consisted of a fractured-rock aquifer overlain
by a saprolite. The diffusion samplers were tested in fractured
rock while examination of geologic and geophysical logs
allowed for proper placement of the samplers.

Passive diffusion samplers

The passive diffusion samplers used in this study were
polyethylene bags, semipermeable membranes that allowed
VOC and CVOC diffusion from groundwater into water-filled
bags. The water in the samplers was deionized. Originally,
samplers were sealable sandwich bags. Using strings, field
workers lowered the bags down observation wells and
stationed them at screens. Later, elongated polyethylene
sleeves with a Teflon valve were fabricated and used. The
bags had adjustable volumes although 300 ml was the
common volume. With one exception, the water-filled bags
contained no trapped air.

Samplers sat in the wells from 11 to 54 days. Recovery of
water samples involved the following steps:

* removing samplers from the well, using
attached strings

e gently pouring water from samplers into
40-ml glass sampling vials

e preserving samples with three drops of
hydrochloric acid

e capping sample vials with cap and Teflon-lined septa

If field workers saw bubbles in the sample or suspected
aeration, samples were discarded. The water-filled bags
contained no air. Samples were delivered to a laboratory on
the day of collection and analyzed using EPA Method 8260.

Researchers also collected samples using a diffusion sampler
that contained two 40-ml uncapped glass sampling vials.
These samplers were adjacent to the standard diffusion
samplers. “Upon recovery of the sample, the vials were
removed from the membrane, preserved with hydrochloric
acid and capped. The approach was intended to reduce
volatilization loss from pouring the sample into the vials;
however, the concentrations obtained by inclusion of vials
within the membranes were lower than those obtained using
other methods” (Vroblesky and Hyde, 1997).

Researchers compared results from the diffusion samplers
with data from standard techniques including
® using a bladder pump and sampling without purging
e purging and sampling using a submersible pump
® purging with a submersible pump and sampling with
a bladder pump
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e sampling without purging, using a point source bailer
in a well where groundwater is actively moving in the
wellbore

e purging and sampling with bailers

For instance, field workers attached diffusion samplers to the
bottom of a bladder pump, lowered the pump into a well and
allowed it to sit for 34 days. Then workers used the bladder
pump to pump three tubing and pump volumes of water
from the well; purging the casing water was not necessary
because approximately 53 gal/min of water was moving
through the sampled interval. Workers used the bladder
pump to collect a water sample for VOCs. Then they
immediately recovered water samples from the diffusion
samplers.

At another well (WQ-40B), diffusion samplers were placed
adjacent to fractures and left to equilibrate for 49 days.
Workers collected samples and lowered a submersible pump
into the well. After purging three casing volumes of water,
field workers used a submersible pump to collect water
samples for VOCs. They removed the pump and replaced it
with a bladder pump, and samples again were taken.

Following recovery of diffusion samplers, workers purged
wells WQ-67, WQ-74QR and WQ-8 of three casing volumes
of water using a bailer. “Water samples from the wells were
obtained by lowering a point source bailer to the depth of the
diffusion sampler. Upon recovery of the bailer, water samples
were collected by slowly filling the sample-rinsed, glass 40-ml
vials from a bottom-discharge bailer into the bottom of the
vials. The vials were allowed to overflow several seconds and
the samples were then preserved with three drops of
hydrochloric acid. Sample bottles were capped with Teflon-
lined bottle caps. If aeration of a sample was suspected or if
bubbles were observed in a bottle, the sample was discarded
and a new sample collected” (Vroblesky and Hyde, 1997).

Field workers collected duplicate samples from a single bailer
at well PW-34C and obtained duplicate samples from a
diffusion sampler at all sites.

Results

Water chemistry data showed a broad range in concentra-
tions of CVOCs, <5 to >2,000 pg/L. Vroblesky and Hyde
(1997) concluded: “In general, the CVOC concentrations in
water obtained with the diffusion samplers prior to purging
were similar to the CVOC concentrations in water obtained
by purging and sampling with a submersible electric pump
and to those obtained by purging with a bladder pump (see
Table 1, Figures 1 and 2). Average concentrations of detected
CVOCs in the diffusion samplers differed from the average
concentrations of the respective CVOC obtained using the
submersible electric pump by only 9.1 percent in water from
one well and by 11.5 percent from the average concentra-
tions of the respective CVOCs obtained by sampling with a
bladder pump after purging with a submersible pump in
[another well].”

Diffusion sampler and bladder pump (no purging) samples
showed similar average CVOC concentrations, differing by
about 11.5 percent. Differences between the 3-mil-thick
and 4-mil-thick diffusion samplers were relatively minor.

W Submersible electric pump
[] Bladder pump

1000 W DS (3 mil)

Il DS (4 mil)

Micrograms per liter

Figure 1. Data comparison. diffusion samplers (3-mil- and 4-
mil-thick), bladder pump and submersible electric pump
purging (Vroblesky and Hyde, 1997).

[J Bladder pump
Il DS (3 mil)
mD

1000| | I DS (4 mil)

100

Micrograms per liter

LB

Figure 2. Data comparison: diffusion samplers (3-mil- and
4-mil-thick) and an in-place bladder pump (Vroblesky and
Hyde, 1997).


http://uttu.engr.wisc.edu

UTTU HOME: |uttu.engr.wisc.edu | Sept/Oct 2001
Well Date Sampling method PCE (ug/L) TCE (ug/L) cis-1,2-DCE (ug/L)
PW-34C 10/3/96 Bladder pump 806 1,830 288
PW-34C (replicate) 10/3/96 Bladder pump 749 2,170 310
PW-34C 10/3/96 DS (3 mil) 951 2,170 267
PW-34C (replicate) 10/3/96 DS (3 mil) 1,170 2,520 302
PW-34C 10/3/96 DS (4 mil) 896 2,000 252
PW-34C 10/3/96 DS (4 mil) 1,300 2,640 329
WQ-40B 10/18/96 Bladder 129 148 1,730
WQ-40B (replicate) 10/18/96 Bladder 129 148 1,170
WQ-408B 10/18/96 Submersible electric 132 146 1,870
WQ-40B (replicate) 10/18/96 Submersible electric 131 146 1,850
WQ-40B 10/18/96 DS (3 mil) 141 159 1,720
WQ-40B 10/18/96 DS (3 mil) 163 151 1,450
WQ-40B 10/18/96 DS (4 mil) 143 163 1,700
WQ-40B (replicate) 10/18/96 DS (4 mil) 156 145 1,590

Table 1. CVOC concentrations from bladder pump, diffusion samplers and submersible electric pump. Replicate samples are noted

(Vroblesky and Hyde, 1997).

Well Date Sampling method PCE (ug/L) TCE (ug/L) cis-1,2-DCE (pg/L)
PW-34C 10/17/95 Bailer 2,000 2,500 570
PW-34C (replicate) 10/17/95 Bailer 1,800 2,000 480
PW-34C 10/17/95 DS 1,900 2,200 490
PW-34C 10/17/95 DS 2,000 2,200 500
PW-34C 10/17/95 DS 2,000 2,300 490
PW-34C (replicate) 10/17/95 Vial test 710 770 170
PW-34C (replicate) 10/17/95 Vial test 850 940 220
PW-34C 1/11/96 Bailer 1,800 2,290 389
PW-34C (replicate) 1/11/96 Bailer 1,830 2,320 409
PW-34C 1/11/96 DS with bubble 1,510 2,520 421
PW-34C (replicate) 1/11/96 DS with bubble 678 1,240 490
PW-34C 1/11/96 DS 1,260 2,070 299
PW-34C (replicate) 1/11/96 DS 1,750 2,230 396
WQ-67 1/11/96 Bailer <5 <5 <5
WQ-67 1/11/96 DS <5 <5 <5
WQ-67 (replicate) 1/11/96 DS <5 <5 <5
WQ-74R 1/11/96 Bailer <5 <5 <5
WQ-74R 1/11/96 Bailer <5 <5 <5
WQ-74R 1/11/96 DS <5 <5 <5
WQ-74R (replicate) 1/11/96 DS <5 <5 <5
WQ-87 1/11/96 Bailer 212 379 31
WQ-87 1/11/96 DS 187 389 34
WQ-87 (replicate) 1/11/96 DS 170 364 34

Table 2. VOC concentrations from bailers, and diffusion samplers alone, with vials and with air bubble (Vroblesky and Hyde, 1997).
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Comparison of individual concentrations revealed that
diffusion sample concentrations were often greater than
pumped samples because “the discharge velocity of individual
pulses from the bladder pump may have been high enough to
allow VOC volatilization during sample collection. The higher
concentrations of VOCs in the diffusion samples relative to
the bladder pump imply that, in such a situation, samples
obtained in the diffusion samplers may be more representative
than those obtained using a bladder pump” (Vroblesky and
Hyde, 1997). This was also true for samples obtained by
purging and using a bladder pump or a submersible pump.

Researchers compared results of diffusion sampler and bailer
methods at wells in both saprolite and fractured-rock wells
(Table 2). Data indicated that “concentrations of CVOCs in
vials filled from diffusion samplers closely matched the
concentrations in water obtained from a point source bailer ...
[CVOC] concentrations from the diffusion samplers were
within the range of concentrations detected in water from

the bailer” (Vroblesky and Hyde, 1997).

A test that included inclusion of two 40-ml uncapped glass
sampling vials within the membrane detected concentrations
that were substantially lower than from either the bailer or
regular diffusion methods. According to researchers (7997):

“It is possible that the glass vials, although open at one end,
slowed down diffusion into the vials sufficiently to cause lower
concentrations inside the vials than outside the vials. Thus,
incorporation of the 40-ml glass sampling vials into the
diffusion samplers is not practical.”

Air bubble effect

Researchers installed two diffusion samplers in one well, a
conventional sampler and a sampler with an air bubble that
composed about one-third of the sample volume. After being
in a well for 34 days, neither sample contained air bubbles.
“Because volatile compounds can diffuse out of the poly-
ethylene bags as well as into them, the trapped air apparently
diffused out of the sampler, leaving only water. Of the two
water samples recovered from the diffusion sampler to which
an air bubble had been added, one sample closely matched
the CVOC concentration in water obtained by using a point
source bailer and by using the diffusion samplers with no air
bubbles. The second sample from the diffusion sampler to
which an air bubble had been added contained approximately
half of the concentrations of PCE and TCE found in the first
sample and in water samples from the point source bailer
(Table 2). The variability in water collected from the same
diffusion sampler implies that the lower concentrations in the
second sample were caused by losses during transfer from the
diffusion sampler to the sample bottle and not from losses
within the diffusion sampler. The data imply that, although the
presence of air bubbles in diffusion samplers should be
avoided, their presence apparently has little influence on
concentrations of CVOCs after sufficient equilibration time”
(Vroblesky and Hyde, 1997).

Conclusions
From this study, Vroblesky and Hyde (7997) concluded:

¢ in some wells, groundwater flows through the open
interval in a well with little interaction or mixing with
water in the overlying well casing; here, water in the
screened interval appears to be representative of the
surrounding groundwater

e the polyethylene membrane of a passive diffusion
sampler allows diffusion of the aquifer water’s
CVOCs into or back out of the deionized water

e after allowing equilibration in boreholes for a
minimum of 11 days, researchers concluded that
water from diffusion samplers had concentrations
of CVOCs comparable to those obtained by

— purging and sampling with a submersible
electric pump

— purging with a submersible electric pump
and sampling with a bladder pump

— sampling with an in-place bladder pump
without purging

— sampling without purging, using a point

source bailer in a well where groundwater
is actively moving in the wellbore
purging and sampling with a bailer

e for some constituents the average concentration was
slightly higher in water obtained with the diffusion
samplers than in water obtained with a submersible
pump and with a bladder pump; this implies that the
diffusion samplers may provide a more representative
sample in some situations (Reviewer’s comment:

This is true when purging is not done properly or not
done at all. Diffusion samplers may also concentrate
contaminants by sorption, creating a reservoir of high
concentration.)
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Diffusion sampler test
in 15 observation wells

Vroblesky and Peters (2000) tested diffusion samplers at 15
observation wells at the Naval Station North Island, San
Diego, California. Researchers compared data obtained from

e diffusion samplers
e low flow purging using bladder pumps
* low flow purging using peristaltic pumps

The site

The Naval Air Station (NAS) North Island, used as an air
station, harbor and training base, is about a mile west of San
Diego Bay. Groundwater contaminants at this site included

¢ Stoddard solvent and mineral spirits, in refined
petroleum product used as a thinning agent

¢ chlorinated aliphatic compounds (such as cis-1,2-
dichloroethene)

e petroleum hydrocarbons
e JP-5 jet fuel

Diffusion sampler description and deployment

The diffusion samplers used in this study were 2-inch-
diameter, low-density polyethylene (LDPE) tubes heat-sealed
at both ends and containing deionized water. The tubes were
encased in an LDPE mesh that provided abrasion protection.

Researchers determined that, at most, the diffusion samplers
and low-flow samplers contributed less than 5 pug/L VOCs to
the samples. In addition, diffusion samplers submerged in
buckets containing free-phase JP-5 and Stoddard solution did
not show evidence of structural integrity loss during a two-
month test period.

Field workers used plastic cable ties to attach diffusion
samplers to bladder pump intakes. They also attached a
Tygon tube to the sampler and extended it to land surface.
“The tubing was secured by plastic ties to the diffusion
sampler and to a weighted line at approximately 10-foot
intervals.” The tubing allowed collection of groundwater
adjacent to each diffusion sampler by using low-flow
methodology with a peristaltic pump.

Sept/Oct 2001

Workers used PVC pipe with a removable rubber cap to
install diffusion samplers in two wells that had LNAPL.

Groundwater sample collection

The samplers remained in the wells for 65 to 71 days.
According to Vroblesky and Peters (2000), “The wells were
sampled at the time of sampler recovery using low-flow
techniques. Low-flow sampling consisted of purging the well
by means of a dedicated bladder pump or a peristaltic pump
connected to the Tygon tubing that had been attached to
each of the diffusion samplers prior to deployment.” Purging
continued until pH, water temperature and specific conduc-
tance stabilized; this usually took about 20 minutes and
recovered 1 gallon of water.

Field workers used one of the following methods to retrieve
diffusion samplers from wells:

e recovering the diffusion sampler from the well
immediately following low-flow sampling by using a
bladder pump from the depth at which the diffusion
sampler had equilibrated

e using a peristaltic pump to sample (low-flow)
groundwater adjacent to diffusion samplers, with
dedicated Tygon tubing attached to each sampler

¢ using low-flow sampling with the shallowest depths
and proceeding to the deepest depths

* using a dedicated bladder pump in some wells and a
bladder pump attached to dedicated tubing in others

e using a peristaltic pump for low-flow sampling in two
wells; diffusion samplers were recovered, and wells
were immediately resampled by low-flow methodology
using a bladder pump

Field workers also collected replicate samples from 10 percent
of the sampling sites.

Results

For the most part, researchers found that data from diffusion
samplers and low purge sampling were very similar.
Researchers attributed differences between low-purge
sampling and diffusion sampling to VOC degassing during
peristaltic-pump sampling, which could produce samples that
are artificially low in concentrations, or in-well mixing, which
could produce lower or higher concentrations.

For instance, at one well interval, the diffusion sampler found
higher TCE concentrations in water than the bladder pump
samplers. This implies that the diffusion sampler sampled

Constituent Diffusion sampler Sampler Low-flow Bladder pump
depth concentration (/L) concentration (/L)
Toluene 24.85-26.15 9 26 <5
Total xylenes 24.85-26.15 111-110 26 <5

Table 3. Toluene and total xylene concentration from diffusion samplers and low-flow bladder pump at well MW-13B

(Vroblesky and Peters, 2000).


http://uttu.engr.wisc.edu

Sept/Oct 2001

UTTU HOME: [uttu.engr.wisc.edul| 7

more discrete intervals. One sample of cis-1,2-dichloroethene
from a diffusion sampler was 78 percent lower than the
concentration from the bladder pump, which researchers
attribute to “in-well mixing by low-flow sampling in a
chemically stratified part of the screened interval.” (Reviewer’s
comment: This could happen with any well disturbance, e.g.
putting in or taking out a pump or a bailer,) Even over a
distance as small as 3.4 ft, VOC concentrations can change
dramatically.

VOC concentration data in another well, for example, showed
that “the diffusion samplers collected point samples of
groundwater whereas the bladder pump collected water
either from a greater radius of influence or from water
induced up the wellbore by low-flow sampling at shallower
depths” (Vroblesky and Peters, 2000).

Researchers attributed higher concentrations of VOCs in
diffusion samplers to sampling of more discrete intervals;
however, at one well, “disturbing the well water by using
the peristaltic pump and removing the diffusion samplers
prior to sampling with the bladder pump may have induced
mixing and affected the quality of the water sampled by the
bladder pump” (Vroblesky and Peters, 2000). (Reviewer'’s
comment: This well water is water in a well, not necessarily
in the aquifer.)

In another well, both diffusion and low-flow sampling
sequentially toward the center of a 25-ft screen indicated
relatively uncontaminated waters. At one point, TCE
concentrations were 47 to 84 percent lower (using low-flow
sampling), indicating that low-flow sampling did not find the
peak concentration that diffusion sampling did. Researchers
believed that pumping may have mixed uncontaminated
groundwater into the central part of the screen.

Conclusions
Researchers concluded the following:
* in most observation wells, the vertical concentration
gradients obtained using the diffusion sampler and
low-flow sampler methods were similar

¢ most differences between the low-flow and diffusion
sampling techniques could be attributed to:
— VOC degassing during peristaltic-pump sampling
— in-well mixing
e when workers used low-flow methods to purge
multiple depths within a screened interval, there was a
potential for each low-flow sampling event to disturb
the equilibrated column

e diffusion sampling can provide a point sample and
detect the zone of highest contaminant concentration

¢ low-flow sampling of multiple horizons within a single
well screen can induce mixing

¢ at one well where the low-flow method detected
contamination that the diffusion sampler apparently
missed, previous sampling and follow-up sampling
using low-flow methods showed no contamination,
implying that the detections by low-flow sampling
were false positives, possibly caused by cross-
contamination

¢ bladder pumps and peristaltic pumps pose the same
mixing potential, but the bladder pump has less
potential for volatilization and probably gives a more
representative sample

e other discrepancies, such as a low-flow method
detecting contamination that a diffusion method
missed, may be attributed to cross-contamination

e even in a 10-ft screen, substantial stratification of
VOCs can exist; even a little mixing by low-flow
pumping can obfuscate data from areas typified by
sharp stratification (Reviewer’s comment: But when
does this effect become significant?)

e using diffusion samplers initially can delineate
stratification; these samples, coupled with field gas
chromatography, can give relatively inexpensive
contaminant information
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Comparison of PVD and
PDB diffusion samplers

This article summarizes the most recent laboratory and field
data on two low-density polyethylene (LDPE) passive vapor-
diffusion samplers (Vroblesky and Campbell, 2001):
e a sampler that contains an air-filled glass vial, enclosed
in two layers of polyethylene, referred to as a passive
vapor-diffusion (PVD) sampler
e asampler that is a water-filled polyethylene bag sealed
at both ends, known as a passive diffusion bag (PDB)
sampler
The PVD samplers have been used to delineate VOC-
contaminated groundwater discharge zones beneath surface-
water bodies, whereas the PDB samplers have been useful for
sampling VOCs in wells. A modified version of the PDB
sampler has also been used to obtain aqueous concentrations
of VOCs in groundwater/surface water interface.

This article will describe PVD and PDB sampler issues with
respect to
e description and field procedure
e equilibration time
e types of VOCs that readily diffuse through the
membranes

e amount of time that the samplers can be stored prior
to sealing or transferring the water to sample vials
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PVD description and field procedure
Characteristics of the PVD sampler include:

® a 20- or 30-ml serum vial or 40-ml volatile organic
analysis (VOA) vial
enclosed in a heat-sealed, low-density polyethylene
(LDPE) lay-flat tube

e the lay-flat tube, 4 mm thick and 2 inches wide when
flat, or approx. 1.5 inches in diameter when filled

e avial arranged with a single layer of polyethylene
held tightly in place over the vial opening

¢ | DPE tubing, secured to the vial by a plastic,
self-locking tie

e a second LDPE tube in which the assembly is placed,
then heat-sealed to avoid trapping air

¢ surveyor flags, attached to samplers to mark sample
site and facilitate sample recovery

After recovering the sampler from a well, field workers cut
open the outer LPDE bag, leaving the inner LPDE bag intact.
Field workers then crimp onto the vial and inner bag a cap
with a Teflon-coated stopper. They then insert a syringe
needle tip through the Teflon-coated stopper beneath the
vial cap and extract and analyze 100 ulL of vapor with a
photo-ionization detector.

PDB description and field procedure

Characteristics of the PDB samplers include a single layer of
4-mm LDPE lay-flat tubing, heat-sealed at both ends and
containing approximately 50-300 ml of water.

Field workers retrieve samplers, then cut them open and
pipette the contents of the samplers into 40-ml VOA bottles.
“The water in the vials is acidified with hydrochloric acid and
capped, leaving no headspace. All sample vials are stored on
ice until analyzed for VOCs by a commercial laboratory using
the U.S. EPA Method 8260b" (Vroblesky and Campbell, 2001).

PVD equilibration time

To assess PVD sample equilibration time, researchers put
groups of three samplers in several 480-ml test jars containing
water spiked with various VOCs. The VOCs included benzene,
toluene, cis 1,2-dichloroethene, tetrachloroethene (PCE),
trichloroethene (TCE) and 1,2-dibromoethane (EDB). “The
PVD samplers were recovered at various times over the course
of approximately 60 hours. Each of the three recovered vials
was analyzed to produce an average and standard deviation
of concentration for the time point. Water samples from
selected test jars were analyzed for VOC concentrations.”

“To determine the equilibration time of PVD samplers under
field conditions, workers used a hand auger or a shovel to
bury samplers beneath streambed sediments at four sites

in South Carolina where VOC-contaminated groundwater
discharges to surface water” (Vroblesky and Campbell, 2001).
Field workers removed the PVD samplers at various time
intervals and capped them. This continued for a few days.
Workers then analyzed samples in duplicate or triplicate,
using photoionization gas chromatography. Field workers also
measured vertical hydraulic gradients by comparing water
levels in 1-inch-diameter steel pipes driven into the streambed
with stream water levels outside the pipes.

PDB equilibration times

The laboratory experiment to determine PDB equilibration
time was similar to the experiment previously described:

e groups of three PDB samplers were again added to
480-ml test jars

e test jars contained between 100 and 1,200 pg/L of
water and various amounts of benzene, c-DCE, PCE,
TCE, toluene, EDB, MTBE, naphthalene and total
xylenes

e diffusion samplers were removed from the test jars
at various times over a 145-hour period

e at each recovery time, water from the diffusion
samplers was transferred to 40-ml VOA vials, providing
a single sample for laboratory analysis

e immediately prior to collecting water from the sampler,
workers collected water from the test jar

e all samples went to the same laboratory for analysis

Laboratory testing indicated that equilibration times for PDB
samplers used in the field were similar to those used in the
laboratory.

Compound selectivity

Researchers determined selectivity of PDB samplers to a
mixture of 37 VOCs that included benzene, toluene, ethyl
benzene and xylene in concentrations of 20 to 280 ug/L.
Again workers placed three PDB samplers in 3.8-L glass jars
that contained these VOCs. Diffusion samplers equilibrated at
8°C or 2°C . Workers acquired samples from the samplers at
various times between a 14- and 21-day period, and also
collected water from the jars and from the PDB samplers.

Following the procedure previously described, researchers
performed another test using 1-L jars and VOCs with
concentrations of 100 to 2,200 pg/L. In addition, researchers
conducted an MTBE-only test over a 145-hour period.

PVD sample stability
To test stability of gases in PVD samplers, the researchers
e allowed samples to equilibrate for 2 weeks in water
having mixed VOCs
e removed samplers from water and allowed them to
stand at 21°C for various time intervals over a period
prior to capping
e analyzed samples by photoionization gas
chromatography

For PDB samplers, the researchers

e allowed samplers to equilibrate for 26 days in an
agueous mixture of target compounds having
concentrations of approximately 200 pg/L

e simultaneously removed samplers from the solution

¢ allowed samplers to stand in open air at 21°C for
various lengths of time prior to transferring the water
to VOA vials

e analyzed recovered water using EPA Method 8260b
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Equilibration time

Under field conditions, diffusion sampler equilibration time
is a function of

e time required by sampler to equilibrate with
ambient water

¢ time required for the environment disturbed
by deployment of the sampler to return to
ambient conditions

Laboratory testing can give data for equilibration times with
ambient water. Data indicated that equilibration time for
benzene, toluene and EDB was 24 hours. (The same was not
true for MTBE: the PDB-sampler MTBE concentrations did not
match ambient water MTBE concentrations.)

Field data can be used to estimate the time required for
contaminant concentrations in the well or sediment to
restabilize following disturbances caused by sampler
deployment. For instance, field testing of PDV samplers
indicated the following:

e a 12 to 24-hour stabilization period in a stream with
sand characterized by a high hydraulic conductivity
and a strong upward hydraulic gradient

e a greater than 65-hour stabilization period for
samplers in a silty saprolite

e intermediate stabilization times in other environments

e at all locations PVD samplers achieved measurable
VOC concentrations within 12 hours

Researchers attributed differing stabilization times to “the
time required for the streambed sediment or well water to
recover from the disturbance caused by sampler installation,
[which] varies as a function of the rate of water movement
through the sediment. Thus streambed sediments will recover
more quickly in areas where the aquifer (if the streambed is
connected to an aquifer) has a relatively large hydraulic
conductivity and upward hydraulic gradient than in areas
where the aquifer has a relatively low hydraulic conductivity
and hydraulic gradient” (Vroblesky and Campbell, 2001).
The typical use of PVD samplers has been to locate zones of
discharging groundwater contaminated with VOCs.

Using the findings of previous studies and this study,
researchers designated two weeks as an adequate equilibra-
tion for PVD samplers in saturated, moderately permeable
sediments, such as sands or loose silts. Longer times would
be required for equilibration in clays or tight silts.

Borehole-dilution studies, where tracers are injected and their
decay monitored, can give an estimate of the time required
for water in a well to equilibrate after a disturbance.
Researchers have found that 90 percent of an injected tracer
e was diluted within 20 minutes in a well screen
open to a gravel aquifer
e was diluted within 70 minutes in a well screen
open to a sand aquifer
e took 100 to 1,000 hours or more to dilute in
an aquifer with poorly permeable sediments
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PDB field investigations showed equilibration times of 14 to
17 days, therefore, “approximately 2 weeks of equilibration
should be adequate for PDB samplers in most wells screened
in sandy formations. As with the PVD samplers, longer times
may be required for equilibration in low permeability sedi-
ments” (Vroblesky and Campbell, 2001). Equilibration would
be expected to be relatively quick in either karst, sand or
gravel environments (U.S. EPA, 1999).

Water temperature will also affect equilibration time: colder
temperatures will translate into longer equilibration times.

Compound selectivity: VOCs and MTBE

To determine compound selectivity, researchers deployed
PDB samplers in aqueous solutions of mixed VOCs and
analyzed water within the diffusion sampler and outside

of the sampler. For the VOCs tested, there was less than

10 percent difference between concentration in the PDB
and ambient water. This was not found to be true for MTBE.
Researchers concluded: “Although PDB samplers seem to be
capable of detecting the presence of MTBE in relatively high
concentrations, the samplers are not reliable in quantifying
concentrations. MTBE concentrations in diffusion sampler
water were an average 76 percent lower than in ambient
water” (Vroblesky and Campbell, 2001). Another test
showed that even after 32 days, MTBE concentration in the
PDB sampler was only 64 percent of that in the test jar.
MTBE’s high solubility—54,000 mg/L—may be the reason for
its lack of suitability for diffusion sampling. PVD samplers
located beneath a drainage ditch, however, did successfully
detect MTBE concentrations. (Reviewer’s comment: Diffusion
sampling is not suitable for MTBE and other compounds.)

VOC stability in sampler

Researchers investigated the time between opening the

PDB and transferring sampled water to VOA vials. They
found no loss of PCE, TCE, benzene or toluene over the first
15 minutes, but thereafter, VOC loss was compound specific.
For instance:

e PCE and benzene showed no vapor loss over the first
60 minutes following sample recovery

e TCE and toluene concentrations in samplers declined
by approximately 20 percent over the first 60 minutes

e benzene, TCE and toluene showed minimal loss over
a 60 to 90-minute interval

Conclusions

Vroblesky and Campbell (2007) based the following
conclusions on laboratory and field testing of PVD and
PDB samplers of VOCs:

e equilibration time depends on both the time required
for equilibration with the ambient water in the
sampler and time required for environmental
disturbance to stop after sample deployment

e time required for c-DCE, benzene, TCE, toluene,
EDB and PCE to equilibrate in vapor-filled PVD
samplers (in the laboratory) was 24 hours at 21°C
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EDB, benzene, TCE, toluene, PCE, naphthalene,
c-DCE and xylenes equilibrated in water-filled PDB
samplers within 48 hours at 21°C

field testing of PVD samplers beneath stream beds
showed samplers stabilized within 12-24 hours in

permeable sediments with large upward hydraulic
gradients

field testing of PVD samplers beneath stream beds
took 65 hours or more to stabilize in poorly
permeable sediments with low upward hydraulic
gradients

an equilibration time of two weeks is probably
adequate for most investigations using diffusion
samplers in highly to moderately permeable sediments
such as sand or loose silts; longer times would be
required for equilibration in low permeability sediment
such as clay or tight silt

equilibration times for water in a well using borehole
dilution can range from approximately 20 minutes in
gravelly sediments to 1,000 hours or more in poorly

permeable sediments

laboratory and field data from previous investigations
showed adequate equilibration within 14-17 days;
thus 2 weeks of equilibration should be adequate for
PDB samplers in most wells screened in sandy
formations

for most of the VOCs in this study, concentrations
in water from within the PDB sampler closely
matched those concentrations in water from outside
the PDB sampler

MTBE is an exception: there was poor correlation
between its concentrations in diffusion sampler water
and ambient water; the diffusion samplers can be
useful for detecting but not quantifying MTBE
(Reviewer’s comment: diffusion sampling simply

does not work with MITBE and other compounds.
MTBE’s molecular size and shape obstructs adequate
diffusion. See Vroblesky, 2001, “Additional papers on
diffusion samplers,” in this issue of UTTU.)

as for sample transference from the PDB to vials,
there was no loss of PCE, TCE, benzene or toluene
over the first 15 minutes; TCE and toluene declined
afterward

laboratory data suggest VOC concentration is stable
for at least 1 hour at 21°C, but authors still caution
data collectors to transfer PDB samples to VOA vials,
cap and seal PVD samplers, and ice samplers as soon
as possible

for PDB samplers, the methodology relies on the free
movement of water through the well screen under
ambient conditions

if the rate of chemical change or volatilization loss in
the well bore exceeds the rate of exchange between
the pore water and the well-bore water, then the PDB
samplers may underestimate pore-water
concentrations
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Field study of USGS and
DMLS™ diffusion samplers
and cost comparison

Tunks and Guest (2000) examined two types of diffusion
samplers with respect to their ability to detect various
chlorinated VOCs. The tests were conducted at McClellan
Air Force Base, California, where groundwater exists at
greater than 30 meters below ground surface. The source of
chlorinated VOCs was solvent disposal burn pits. Researchers
tested the devices in three monitoring wells at three depth
intervals. The chemicals found in the wells included

o trichloroethene (TCE)

e trans-1,2-dichloroethene (DCE)

e cis- 1,2-DCE

e 1,1-DCE

e 1,1-dichloroethane (DCA)

e 1,2-DCA

e 1,1,2-trichloroethane (TCA)

The two diffusion samplers

The two diffusion samplers tested were a commercially
available DMLS™ sampler (from Johnson Screens, New
Brighton, Minnesota) and a sampler developed and used
by the U.S.G.S.

The DMLS™ sampler has the following characteristics:

e dialysis cells consist of a polypropylene cylinder that
holds 38 ml of deionized distilled water

e 3 0.2-micrometer cellulose acetate filter, attached to
each end of the cell, serves as a membrane

e dialysis cells are mounted in cylindrical holes pre-
drilled in a 152-cm-long polyvinyl chloride (PVC) rod

e cells are separated by viton spacers, or well seals that
fit the well diameter
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e PVC rod accommodates as many as 12 sampling cells
(pre-drilled cylindrical hole spacing is 12.7 cm)

e a string of up to five rods can be connected together
for sampling over long-screened well intervals

When the sampler device is ready, field workers lower it into
the well. A stainless steel weight attached to the bottom of
the deepest PVC rod ensures that the samplers are positioned
at the correct depth. A rope at the top of the casing is used
to secure the sampling device.

The U.S. Geological Survey sampler has the following
characteristics:
¢ a low-density polyethylene tubing consisting of
45-cm-long section of 5.08-cm-diameter, 40-mil
polyethylene tubing
e tubing heat-sealed on both ends
e the sampler is filled with 300 ml of deionized distilled
water (a longer, 7.62-cm-diameter tubing that holds
500 ml of water is available)

Field workers place the sampler in a flex-guard polyethylene
mesh tubing for abrasion protection, then lower the
weighted sample to the desired depth. For this field test,
workers placed samplers end-to-end in three wells to obtain
vertical contamination profiles.

Conventional well sampling and micropurging
comparison

Because the diffusion samplers needed to be left in the wells
for 14 days, a 14-day lag period occurred between the two
sets of data. Upon retrieving the diffusion samplers, field
workers also performed conventional well sampling and/or
micropurging (low-flow purge-and-sample). This data was
used to normalize the data from the diffusion samplers.

Comparison of results

Tunks and Guest (2000) used statistical analysis (analysis of
variance or ANOVA) to determine variability arising from the
four methods used. They found no statistically significant
differences among the four data sets. (Reviewer’s comment:
Variances may have been set so high that chances of finding
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significant differences were very small.) They did find some
interesting differences in terms of cost and use of the
samplers/sampling methods (Table 4).

Cost estimates for each sampling method, per sample, are:
USGS, $65

e DMLS™, $555

* micropurge, $308

e conventional, $444

Expenses include labor, equipment, and disposal/manage-
ment of investigation-derived waste. These numbers reflect
costs for this field study only, although some of the costs
involve one-time expenses. Labor and material costs vary
depending on scope of the event: with more samples taken,
cost per sample would decrease, assuming some materials
are reusable.

Conclusions

Researchers conclude that of the two diffusion samplers,
the USGS sampler is more cost-effective. Diffusion samplers,
however, are not applicable for all situations; in particular,
they cannot give quantifiable concentrations of MTBE and
other compounds or ions that do not diffuse through
polyethylene. Diffusion sampling techniques could be used
in natural attenuation monitoring; however, sampling of
other ions such as Fe2+ or oxygen would require use of
other sampling methods.

In terms of future work, researchers advocate performing
a similar analysis in various hydrogeologic settings (low-
permeability vs. high-permeability aquifers) and creating a
larger database by increasing the number of wells and
samples taken.

Reference

Tunks, J. and P. Guest, “Diffusion Sampler Evaluation of
Chlorinated VOCs in Groundwater,” 2000, in Risk,
Regulatory, and Monitoring Considerations in Remediation
of Chlorinated and Recalcitrant Compounds, The Second
International Conference on Remediation of Chlorinated
and Recalcitrant Compounds, Monterey, California,

May 22-25, 2000; http://www.battelle.org/bookstore.

Criteria USGS DMLS™ Micropurge  Conventional
Ease of use Excellent Fair Poor Fair
Generation of IDW (investigation-derived waste, in liters) <1 <1 100 500
Cost to provide dedicated equipment in each well Low High Low High
Decontamination required if dedicated equipment is not used Minimal High Moderate Moderate
Immediacy of sample availability Slow Slow Rapid Rapid
Can analytes other than VOCs be monitored? No No Yes Yes
Can vertical distribution of contaminants be evaluated? Yes Yes Partial No
Suitable for monitoring natural attenuation? No No Yes Partial

Table 4. Comparison of USGS, DMLS™, micropurge and conventional sampling devices/methods (Tunks and Guest, 2000).
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Diffusion sampling, purge
sampling, flowmeter testing
and geophysical logging

Researchers compared data obtained from diffusion samplers
and the purge-and-sample method in conjunction with
flowmeter testing and geophysical logging. At the site—
McClellan Air Force Base (AFB) in California—LUSTs had
released diesel fuel and chlorinated solvents although source
was not determined (Vroblesky and others, 2000).

Geology

Geology here consists of “fine-grained flood plain or
overbank deposits mixed with lesser amounts of sandy
stream deposits containing discontinuous gravels and sands."”
According to the driller’s logs, “some of the silty and silty clay
layers are fractured, possibly providing conduits for the
vertical movement of groundwater. Hydraulic testing to
determine aquifer properties has not yet been performed,;
however, most of the wells sampled for this investigation
yielded little water and recovered slowly, strongly suggesting
that the sampled horizons have a relatively low hydraulic
conductivity.”

Diffusion sampler deployment

Researchers deployed diffusion samplers in 14 wells in 10-
foot-long and 20-foot-long well screens. Of the wells, eight
had screen lengths of 20 feet and two had screen lengths of
10 feet. Researchers placed single diffusion samplers in the
10-foot-long screens and multiple diffusion samplers in the
longer screens.

Diffusion samplers were left in wells for 25 to 30 days, then
sampled using purge-and-sample. In most wells, the
diffusion sampler data matched data from the purge-and-
sample method. Sometimes, concentration differences were
as small as 2ug/L. Researchers did find vertical variations in
VOC concentrations within the screened interval.

Flowmeter testing and geophysical logging

Field workers also performed flowmeter testing and
geophysical logging at some wells to determine when flow
was moving into/out of screened intervals and to define
lithology. Groundwater flow direction was found to vary with
operation of nearby contaminant-removal wells. Removal
well pumping during purging at another well induced a high
percentage of flow to enter the purged well at the top of the
screened interval and “may have induced the downward
movement of water along the annular space of the well bore
or along fractures within the silty clay material overlying the
screened interval” (Vroblesky and others, 2000). This could
cause mixing of water from different parts of the screened
interval. Data did show vertical variations in VOC
concentrations within screened intervals.

Results and conclusions

In four wells, VOC concentrations varied from 30 mg/L to
211 mg/L. Explanations for the differences include the
following:

e insufficient equilibration time for diffusion samplers
e experimental errors inherent in each method

e hydraulic changes during the equilibration period due
to possible unrecorded changes in the pumping of
onsite contaminant-removal wells; groundwater flow
directions may vary substantially, depending on when
the contaminant-removal wells are in operation;
however, records of wells” operation times are not
typically kept

e possibility that the two methods sampled water from
different sources at some wells

¢ the water sample obtained using purge-and-trap at
one well was derived partly from the downward
movement of water along the annular space of the
well bore or through fractures in the silty clay; thus, if
this water had higher VOC concentrations, the purge-
and-trap method would give data that was artificially
high; if concentrations were lower, the method would
give artificially lower data

Vroblesky and others (2000) concluded that “Overall, the
data suggest that the use of diffusion samplers provided an
alternative sampling method to the purge-and-sample
approach used for groundwater investigations.” From
concentration data and flowmeter tests, researchers were
able to determine that one well (a contaminant removal well)
was capturing water from a horizon screened by another
well. This type of information is potentially useful in
optimizing well capture radii.
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Limitations of diffusion
samplers

This article is based on excerpts from Michael Barcelona’s
articles published in Ground Water Monitoring and
Remediation (Barcelona, Fall and Spring 2000).

Barcelona stresses that successful monitoring programs are
contingent on “consistent, high-quality sampling and
analytical data. The dependence on quality data becomes
even greater in monitoring efforts for risk-cost based
corrective action or monitored natural attenuation studies.”

“It would seem then that the perceptive consultant, regulator
or analyst would recognize the importance of high-quality,
consistent data sets and evaluate performance actively. | fear
that we may be losing our bearings in this regard through
limited data validation programs that allow adoption of so-
called ‘passive sampling methods'” (Barcelona, Spring 2000).

“Validation rarely extends to the field methods and practices
of sampling, where far greater errors may enter data sets. In
the best case, field blanks, field standards and spiked samples
allow us to identify transport-related errors. In the worst case,
an ill-proven or careless sampling effort results in the
collection of grossly biased data” (Barcelona, Fall 2000). This
is in reference to passive diffusion sampling, which he defines
as “sampling groundwater without purging the well or
sampling point.” The underlying assumption is that there is
always flow sufficient in the screen (or point) to maintain
formation water quality in the screened interval. “The use of
passive diffusion ‘methods” requires sustained leaps of faith
that are not technically defensible. . . I hold that without
confirmed sustained flow through the screened interval,
application of the diffusion bag samplers is ill-advised. . .
Whether or not the diffusion samplers only reflect the most
recent conditions really depends on comparable diffusion
rates into and out of the bags (i.e., approaching steady-state
conditions). They provide no supporting data for back-
diffusion, which would allow one to estimate what the
samples represent” (Barcelona, Spring 2000).

“This assumption [of sustained flow] is not born out by the
literature, which is full of examples of water quality variations
in minutes (i.e., for volatile organics) to hours (i.e., major ions,
pH, O,) in short-screened, unpumped monitoring wells. This
does not take into account the problems of mass averaging
and mixing in long-screened wells (i.e., less than 5 feet).

How is it, then, that one entertains the use of polyethylene
“diffusive” samplers in well screens? Water level and gradient
changes may occur, influencing flow during the so-called
“sampling” period. Therefore, the “time” of sampling and
sample origin remain indeterminate” (Fall, 2000).

Barcelona admits that diffusion samplers offer some
advantages, such as waste minimization. However, because
MTBE, semi-volatiles and ions cannot be measured, he
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relegates this technique to the novelty category. “It seems to
me that sampling methods should not determine the
purposes for monitoring particularly when monitored natural
attenuation and geochemical determinations have been
advanced in the industry” (Fall, 2000).

Another objection to diffusive sampling concerns well
disturbance. “Dedicated sampling devices used in a consistent
protocol without a doubt cause less disturbance of in-well
conditions than deploying a string of bags. The emplacement
method itself flushes the well at least partially” (Barcelona,
Fall 2000).

As for the value of multiple vertical well samples: [These]
“samples in long-screened wells have merit in research studies
or field trials of in-situ remediation technologies. The added
cost of multiple analyses is difficult to justify as opposed to
easily replicated discrete samples. Their interpretation of
multiple samples for practical monitoring purposes should be
justified by the proponents of the method. Analytical costs are
the driver and multiple samples seem to work at cross-
purposes with practical goals” (Fall, 2000).

As for studies of diffusion samplers, some of which are
described in this issue of UTTU: “I can only fairly judge the
potential applicability of new methods based on peer-
reviewed studies, which are rigorously designed and executed.
The more recent references provided by the commentaries do
not meet this criterion” (Fall, 2000).

Gustavson and Harkin (2000) agree at least partially with
Barcelona. They point out that although semipermeable
membrane devices do have advantages over other sampling
techniques, their use is limited because the devices

e measure only truly dissolved compounds

e give only integrated long-term trends of contaminant
concentrations and sample episodic events
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Additional papers on
diffusion samplers

“Locating VOC Contamination in a Fractured-Rock Aquifer
at the Ground-Water/Surface-Water Interface Using Passive
Vapor Collectors,” Vroblesky, D.A., Rhodes, L.C., Robertson,
J.F. and J.A. Harrigan, Ground Water, Vol. 34, No. 2,
Mar—-Apr 1996; http://www.ngwa.org.

"Mapping Zones of Contaminated Ground-Water Discharge
Using Creek-Bottom-Sediment Vapor Samplers, Aberdeen
Proving Ground, Maryland,” Vroblesky, D.A., Lorah, M.M. and
S.P. Trimble, Ground Water, Vol. 29, No. 1, Jan—-Feb 1991;
http://www.ngwa.org.

“Passive Bag Diffusion Samplers for Monitoring Chlorinated
Solvents in Groundwater,” PW. Hare, 2000, Risk, Requlatory,
and Monitoring Considerations in Remediation of Chlorinated
and Recalcitrant Compounds, presented at the Second
International Conference on Remediation of Chlorinated and
Recalcitrant Compounds, Monterey, California, May 22-25,
2000; http://www.battelle.org/bookstore.

"Prospecting for Zones of Contaminated Ground-Water
Discharge to Streams Using Bottom-Sediment Gas Bubbles,”
D.A. Vroblesky and M.M. Lorah, Ground Water, Vol. 29,
No. 3, May-June 1991; http://www.ngwa.org.

“Temporal Changes in VOC Discharge to Surface Water from
a Fractured Rock Aquifer During Well Installation and
Operation,” Greenville, South Carolina, D.A. Vroblesky and
J.F. Robertson, Summer 1996, Ground Water Monitoring and
Review;, http://www.ngwa.org.

“User's Guide for Polyethylene-Based Passive Diffusion Bag
Samplers to Obtain Volatile Organic Compound Concentra-
tions in Wells: Part 1: Deployment, Recovery, Data Interpre-
tation and Quality Control and Assurance,” and “Part 2:
Field Tests,” D.A. Vroblesky, U.S. Geological Survey Water
Resources Investigations Report 01-4060, 2001; download
reports from http://www.itrcweb.org or http://www.frtr.gov.

=

Information sources

U.S. EPA publications and information

e Citizen Guides (http://clu-in.org/techpubs/htm):

— A Citizen’s Guide to In-Situ Flushing (EPA 542-F-01-011)
— A Citizen’s Guide to Fracturing (EPA 542-F-01-015)
— A Citizen’s Guide to Soil Washing (EPA-542-F-01-008)

e Cost Analyses for Selected Groundwater Cleanup
Projects: Pump and Treat Systems and Permeable
Reactive Barriers (EPA 542-R-00-013)
http://clu-in.org/techpubs.htm

e [ist of Leak Detection Evaluations for Underground
Storage Tank Systems, http://www.epa.gov/swerust1/
pubs/Idlist8.pdf

e Oil Spill Program Update (EPA 540-N-01-002),
http://toxics.usgs.gov/bib/

e Phytoremediation of Contaminated Soil and Ground
Water at Hazardous Waste Sites (EPA 540-S-01-500), http://
www.epa.gov/ada/download/issue/epa_540_s01_500.pdf

Other publications

Books from Battelle Press, 800-451-3543 or
http://www.battelle.org/bookstore:

e Principles and Practices of Bioslurping

e Principles and Practices of In-Situ Chemical
Oxidation Using Permanganate

e Permeable Barriers for Groundwater Remediation

e Sixth International In-Situ and On-Site
Bioremediation Symposium

Engineering and Design: Adsorption Design Guide (DG 1110-1-1),
on the use of granular activated carbon, powdered activated
carbon and other adsorption media, available from http:/
www.estcp.org/documents/techdoc/ISERMCS_Report.pdf.

Phytotechnology Technical and Regulatory Guidance (Phyto-2),
information on how to make informed decisions on
phytotechnology, http:/www.itrcweb.org/PHYTO2 .pdf.

Remediation in Rock Masses, "“the problems and solutions to
the complicated issue of contaminated rock site remediation,”
American Society of Civil Engineers Press, 1801 Alexander Bell
Dr., Reston, Virginia 20191-4400.

U.S.G.S. Toxic Substance Hydrology Program Bibliography is
searchable by subject, author, title or publication date at
http://toxics.usgs.gov/bib/.

Websites

EPA STAR Program Remediation Research, http://es.epa.gov/
ncer/publications/topical/remediation.html.

Federal Remediation Technologies Roundtable (FRTR) contains
274 case study reports, some on MTBE; http://www.frtr.gov.
The MTBE Treatment Case Studies Website, http://www.epa.
gov/swerust1/mtbe/mtberem.htm, has information on numer-
ous MTBE remediation sites that use one of these technologies:

¢ in-situ bioremediation

e multi-phase extraction

¢ in-situ chemical oxidation

e air sparging

* pump-and-treat

e ex-situ soil bioremediation

Phytoremediation Information Exchange Group,
http://groupsyahoo.com/group/phytoinfoExch.

UTTU obtained many of these sites and other information from
the Groundwater Mailing List (http://groundwater.com), the
Bioremediation Discussion Group (http://bioremediationgroup.
org) and TechDirect (http://clu-in.com/techdrct.htm). UTTU thanks
the moderators/editors from these groups—Richard Schaffner of
Biogroup and Jeff Heimerman from U.S. EPA’s TechDirect.
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